Mutation in SGS1, which encodes the yeast homolog of the human Bloom helicase, or in mismatch repair (MMR) genes confers defects in the suppression of mitotic recombination between similar but nonidentical (homeologous) sequences. Mutational analysis of SGS1 suggests that the helicase activity is required for the suppression of both homologous and homeologous recombination and that the C-terminal 200 amino acids may be required specifically for the suppression of homeologous recombination. To clarify the mechanism by which the Sgs1 helicase enforces the fidelity of recombination, we examined the phenotypes associated with SGS1 deletion in MMR-defective and recombination-defective backgrounds. Deletion of SGS1 caused no additional loss of recombination fidelity above that associated with MMR defects, indicating that the suppression of homeologous recombination by Sgs1 may be dependent on MMR. However, the phenotype of the sgs1 rad51 mutant suggests a MMR-independent role of Sgs1 in the suppression of RAD51-independent recombination. While homologous recombination levels increase in sgs1⌬ and in srs2⌬ strains, the suppression of homeologous recombination was not relaxed in the srs2 mutant. Thus, although both Sgs1 and Srs2 limit the overall level of mitotic recombination, there are distinct differences in the roles of these helicases with respect to enforcement of recombination fidelity.
M
ITOTIC recombination is critical for the repair match (Harfe and Jinks-Robertson 2000b) . The relative contributions of these MMR factors to the suppression of DNA double-strand breaks and is therefore an important mechanism for maintaining genome integof homeologous recombination have been examined in detail, and differences between their replication and rity. The identical (homologous) duplexes of sister chromatids are preferentially used as templates for recombirecombination functions have been noted. Msh2, for example, has greater antirecombination activity than national repair (Kadyk and Hartwell 1992) , as use does Mlh1 (Chen and Jinks-Robertson 1999 ; Nicholof nonidentical (homeologous) sequences can lead to son et al. 2000) , but the effect of each protein on mutasequence changes and chromosomal rearrangements.
tion avoidance appears to be the same. In addition, the The mismatch repair (MMR) system, well known for its Msh2:Msh3 complex, which is not involved in repairing mismatch detection and repair functions during DNA base-base mismatches during DNA replication, has an replication, also plays a key role in the suppression of antirecombination role when the interacting sequences homeologous recombination (Harfe and Jinks-Rob- contain only potential base-base mismatches (Nicholertson 2000a) . The genome instability resulting from son et al. 2000) . Finally, mutations in PMS1 that partially defects in MMR has been implicated in enhanced canuncouple the replication and recombination roles have cer susceptibility; specifically, mutations in mismatch been identified, suggesting that the steps downstream repair factors are often seen in tumor cells and are the of mismatch recognition may differ (Welz-Voegele et cause of the cancer syndrome hereditary nonpolyposis al. 2002) . Although binding of MMR proteins to miscolorectal cancer (Fishel and Kolodner 1995; Balogh matches present in heteroduplex recombination interet al. 2003; Chen et al. 2003) .
mediates may be sufficient to block the progression of In yeast, recognition of mismatches in newly replirecombination between nonidentical substrates, addicated DNA is carried out by MutS-like Msh2:Msh3 or tional factors such as helicases also may be required to Msh2:Msh6 heterodimers (Johnson et al. 1996 ; Maractively reject or abort mismatch-containing recombinasischky et al. 1996) . Then interaction of the MutL-like tion intermediates (Alani et al. 1994 ; Chen and JinksMlh1:Pms1 heterodimer with a Msh2 complex leads to
Robertson 1998). To identify additional factors that the removal of the nascent strand containing the misenforce the fidelity of the recombination process in yeast, we undertook both a genetic screen and a candidate gene approach. The only non-MMR protein identi-1 suppression of homeologous recombination (Myung et chemical analyses have demonstrated the ability of Srs2 to remove the strand-exchange protein Rad51 from nual. 2001) .
The yeast Sgs1 helicase, the homolog of the Escherichia cleoprotein filaments (Krejci et al. 2003; Veaute et al. 2003) . Such an activity not only might serve to limit coli RecQ helicase, has been studied by both biochemical and genetic approaches. Loss of Sgs1 causes sensitivhomologous recombination but also could be involved more specifically in the rejection of homeologous reity to DNA-damaging agents, hyperrecombination, and premature aging (Oakley and Hickson 2002) . These combination intermediates. Finally, recent genetic studies suggest that both Sgs1 and Srs2 play a role in the phenotypes in yeast reflect the syndromes caused by defects in the human RecQ homologs: Bloom (BLM), suppression of mitotic crossover events (Ira et al. 2003) .
The identification of sgs1 mutants in our screen Werner (WRN), and Rothmund-Thomson (RecQL4) syndromes (Ellis et al. 1995; Yu et al. 1996; Kitao et al. for factors involved in regulating recombination highlights the importance of Sgs1 in genome stability. In 1998). Although the relevant proteins may play several roles in humans, loss of any one of these proteins is the current study, we have explored which domains of Sgs1 are required for its role in suppressing homeoloassociated with genomic instability (Nakayama 2002) . In vitro, Sgs1 binds at the junction of single-strand and gous recombination and find that deletion of the C terminus of Sgs1 causes an increase in homeologous double-strand DNA, unwinding the duplex with 3Ј-5Ј polarity with respect to the 3Ј single-strand tail (Benrecombination but not homologous recombination. In addition, the relationship between MMR proteins and nett et al. 1998). Sgs1 can also unwind G4-DNA (fourstrand structures stabilized by hydrogen bonds between Sgs1 in the regulation of homeologous recombination was examined in a recombination-proficient RAD quartets of guanines; Sun et al. 1998) and DNA:RNA hybrids and can facilitate branch migration of synthetic background, as well as in strains defective in the strandexchange protein Rad51 or in the strand-annealing proHolliday junctions (Karow et al. 2000) . Finally, physical interactions of Sgs1 have been identified with many tein Rad59. Results demonstrate that the relative roles of MMR proteins and Sgs1 vary for the different recomproteins, including all three yeast topoisomerases (Top1, Top2, and Top3), as well as with the nucleotide bination pathways, suggesting that Sgs1 may affect the fidelity of recombination in both MMR-dependent and excision repair protein Rad16, the recombination protein Rad51, and the MMR proteins, Mlh1, Msh2, and MMR-independent manners. Furthermore, although mutation of SRS2 or TOP1 generally causes hyperrecombiMsh6 (Gangloff et al. 1994; Duno et al. 2000; Saffi et al. 2000; Pedrazzi et al. 2001; Wu et al. 2001 ; Gavin et nation similar to that seen in sgs1 mutants, neither real. 2002) . A complex of human Bloom and topoisomerlieved the suppression of homeologous recombination. ase III␣ proteins can resolve artificial double Holliday These results provide novel insight into the regulation junctions in vitro, leading to the suggestion that a similar of recombination fidelity and reveal a complex interplay activity could suppress crossing over in vivo (Wu and between MMR proteins and non-MMR factors in this Hickson 2003).
process. In addition to the physical interactions, genetic interactions between SGS1 and several genes involved in DNA MATERIALS AND METHODS metabolism have been demonstrated. Indeed, Sgs1 was originally identified by the ability of sgs1 mutations to Media and growth conditions: Yeast strains were grown nonsuppress the slow growth phenotype associated with toposelectively in YEP medium (1% yeast extract, 2% Bacto-pepisomerase III (top3) mutations (Gangloff et al. 1994) . In tone, 250 mg/liter adenine; 2% agar for plates) supplemented contrast to the improvement of growth of top3 mutants, with either 2% dextrose (YEPD) or 2% glycerol and 2% ethanol (YEPGE). Selective growth was done on synthetic complete however, loss of SGS1 causes synthetic growth defects (SC) media lacking the appropriate nutrient (Sherman 1991) in topoisomerase I (top1) mutants and in mutants of and supplemented with 2% dextrose (SCD) or 2% galactose, another helicase gene, SRS2 (Lu et al. 1996; Gangloff 2% glycerol, and 2% ethanol (SCGGE) . Strains mutant at et al. 2000) . Although small effects of TOP3 deletion TRP5 were grown on media supplemented with 30 mg/liter on homeologous recombination have been reported tryptophan. Ura Ϫ derivatives were identified on medium containing 5-fluoroorotic acid (5-FOA; Boeke et al. 1987) . Genet- (Myung et al. 2001) , the role of TOP1 in this regulation icin-and hygromycin-resistant transformants were isolated on has not been studied. Srs2, like Sgs1, is a helicase with YEPD supplemented with 200 mg/liter geneticin (G418) or 3Ј-5Ј polarity whose loss confers a mitotic hyperrecom-300 mg/liter hygromycin B, respectively. Mutator phenotype bination phenotype. Srs2 has some homology to E. coli was assessed by forward mutation at CAN1 on SC-arginine UvrD, but no mammalian homolog has been identified containing 60 mg/liter canavanine. All incubations were done at 30Њ. (Rong and Klein 1993 All strains were derived from the congenic strains SJR1486 and SJR1487 containing c␤2/c␤2 100%-and c␤2/c␤7 91%-identical inverted repeats fused to HIS3, respectively. Both strains also contain the lys2⌬5Ј-lys2⌬3Ј 100%-identical inverted repeats.
lys2⌬3Ј)-LEU2]
, containing c␤2/c␤2 100%-or c␤2/c␤7 91%-and pSR805, respectively. Each plasmid was targeted to the ADE2 locus of SJR1695 (sgs1⌬::kan) by digestion with PflMI, identical inverted repeats, respectively, inserted at the URA3 locus on chromosome V (Spell and Jinks-Robertson 2003) . and integration was confirmed by PCR. Correct expression at this locus was inferred by complete rescue of the sgs1⌬ MMSBoth strains also contained the 100%-identical lys2⌬5Ј-lys2⌬3Ј inverted repeats, inserted at the LEU2 locus on chromosome sensitive phenotype upon integration of pSR791. Screen for mutations that relax the fidelity of recombi-XV. The size of the inverted repeats in the HIS3 and in the LYS2 assays are similar (783 vs. 916 bp). Standard genetic nation: A genetic screen for loss of suppression of homeologous recombination was performed with strains containing techniques were used to disrupt relevant genes. SGS1, SRS2, and TOP1 were disrupted by transformation with PCR-generhomeologous (his3) and homologous (lys2) recombination substrates, SJR984 or SJR1392 (URA3 trp5 and trp5 relatives ated kanMX2 cassettes (Wach et al. 1994) , while RAD59 was disrupted in sgs1⌬ background using a PCR-generated hygof SJR1487, respectively). UV mutagenesis was performed as follows. Cultures were grown overnight in 1 ml of YEPD, MX2 cassette (Goldstein and McCusker 1999) . Other disruptions were performed as described (Spell and Jinks-Rob- washed, plated at 10 5 cells/plate on YEPD plates, and exposed to UV light for 45 sec. Plates were wrapped in foil and incuertson 2003). To create the msh2 sgs1 strain, MSH2 was disrupted first, and then the single mutant was transformed bated overnight. Cells were then washed off each plate and frozen as independent pools. EMS mutagenesis was performed with pSR505 (obtained from G. Crouse, Emory University), a CEN plasmid containing the wild-type MSH2 gene. Following as follows. Two cultures were grown overnight in 5 ml YEPD, washed with 10 ml sterile water, and resuspended in 10 ml disruption of SGS1, loss of the plasmid was selected on 5-FOA. This method was employed to prevent the accumulation of sterile water. Two milliliters of cells were exposed to 3% EMS for 30 min, the EMS was neutralized with an equal volume of suppressor mutations in the background of the double msh2 sgs1 mutant. The presence of each targeted disruption was 10% sodium thiosulfate, and cells were washed twice with sterile water. Appropriate dilutions were plated on YEPD and confirmed by appropriate phenotypic tests and by PCR.
The ApaI-SacI fragments containing the SGS1 gene, the SCD-arginine ϩ canavanine to determine viability and the induction of forward mutation at CAN1, respectively. The EMS helicase-defective allele sgs1-hd (K706A), sgs1-⌬N158, sgs1-⌬N158-hd, sgs1-⌬N322, sgs1-⌬N644, sgs1-⌬C200, sgs1-⌬C300, mutagenesis achieved ‫%57-05ف‬ killing and a 100-fold increase in mutation frequency. Aliquots from the independent pools and sgs1-⌬C795 were isolated from pJM526, pJM511, pJM527, pSM102-hd, pJM528, pJM530, pJM512, pRL5, and pRL1, reof UV-or EMS-mutagenized cells were plated to 100-300 colonies per plate. Colonies were patched to YEPD and grown for 2 spectively (Mullen et al. 2000) . These fragments were inserted at the ApaI-SacI sites of pRS402, a yeast-integrating plasmid days and then replicated to SCGGE-His. Papillation frequency, reflecting recombination between the 91%-identical inverted containing ADE2 (Brachmann et al. 1998) , creating pSR791, pSR792, pSR803, pSR804, pSR793, pSR794, pSR795, pSR796, repeats that resulted in His ϩ prototrophy, was assessed after 5 days growth on SCGGE-His. Candidates with an elevated ing confirmed the presence of a mutation in SGS1 in number of His ϩ recombinants were purified from the original each candidate (sgs1-Q325Stop and sgs1-L1150Stop). ) and the number of colonies tested (17,413), allele (sgs1-hd) or N-and C-terminal deletions of SGS1 approximately six candidates for each gene were expected. (Mullen et al. 2000) . The production of protein from
YEPD plate and repatched and replica plated to SCGGE-His

Domains of Sgs1 involved in the regulation of homeo-
Mutation of the SGS1 gene in sgs1 candidates was confirmed sgs1 mutant constructs was previously confirmed by by sequencing.
Determination of recombination rates: Cultures inoculated
Western analysis (Mullen et al. 2000) . of the wild-type allele (sgs1⌬::kan ϩ SGS1) rescued the recombination and MMS-sensitivity phenotypes of the null mutant (Table 3 and data not shown).
RESULTS
The relative rates of homologous and homeologous Genetic screen for factors that suppress homeologous recombination in a strain containing the helicase-defecrecombination: An intron-based inverted repeat assay tive allele (sgs1-hd) were indistinguishable from those was used in a genetic screen to identify factors important of a null mutant, indicating that the helicase activity of for the inhibition of homeologous recombination beSgs1 is required for its role in maintaining the fidelity tween 91%-identical inverted repeat (IR) substrates of recombination (Table 3) . Each of the deletion confused to HIS3 sequences ( Figure 1A) . Recombination structs caused a loss of the fidelity of recombination that reorients the region between the homeologous IR similar to that seen in the null mutant, as indicated by substrates leads to His ϩ prototrophy. Mutant candidates a greater increase in the relative level of homeologous with elevated homeologous recombination were rerecombination (His ϩ ) than in the relative level of hotested (as represented in Figure 1B ) for homologous as mologous recombination (Lys ϩ ). Interestingly, one dewell as homeologous recombination to eliminate genes letion mutant (sgs1-⌬C200) displayed an unusual phenowith nonspecific effects on general homologous recomtype of an increase in homeologous recombination bination. The level of homologous recombination was (3.2-fold relative to wild type) but not of homologous assessed using 100%-identical inverted repeats of the recombination (0.72-fold relative to wild type). Thus, LYS2 gene, with recombination leading to Lys ϩ protothe sgs1-⌬C200 mutant displays a loss of recombination trophy. The identities of the genes mutated in the candifidelity without a general hyperrecombination phenodates with a specific homeologous recombination phetype. notype were determined by complementation analysis Epistasis relationship between SGS1 and mismatch with strains mutant in genes known to be involved in the repair genes: To characterize the relationship between regulation of homeologous recombination. Expected MMR and Sgs1 in the regulation of homeologous remutator and UV-and MMS-sensitive phenotypes were combination, we tested the effect of Sgs1 loss in strains confirmed for each identified mutant candidate. The disrupted for the MutS homolog, MSH2, or the MutL screen was successful in detecting the expected number homolog MLH1 (Table 4) . To compare recombination of mutations in genes known to play a role in the regulabetween homeologous and homologous substrates that tion of homeologous recombination; 33 mutants (27 differ only in sequence identity, we compared the reof them known to be independent) were identified, combination rates for strains containing 91%-identical representing six different genes (Table 2 ). In addition substrates fused to HIS3 sequences to strains containing to multiple identifications of the MMR proteins known 100%-identical substrates fused to HIS3 sequences, reto be involved in suppressing homeologous recombinaspectively. The differential effect on the inhibition of tion, two mutant candidates failed to complement the homeologous recombination is best described by the ratio of the relative increase in homeologous recombirecombination phenotype of an sgs1⌬ strain. Sequenc-Sgs1 and Mitotic Recombination Fidelity Figure 1. -Inverted repeat assay. (A) Homeologous recombination was assayed using 91% identical c␤2/c␤7 inverted repeats (hatching) fused to intron splice sites (solid boxes) and placed next to the 5Ј and 3Ј halves of the HIS3 gene (open boxes). Recombination between the repeats that leads to reorientation of the intervening sequence reconstitutes a full-length HIS3 gene and results in a His ϩ phenotype. Homologous recombination was assayed using overlapping 5Ј and 3Ј portions of the LYS2 gene (shaded boxes), thus generating 100%-identical repeats in an inverted orientation (shaded hatching). Recombination between the repeats that leads to reorientation of the intervening sequence reconstitutes a fulllength LYS2 gene and results in a Lys ϩ phenotype. Quantitative measurements of homologous recombination could also be measured in strains containing 100%-identical c␤2/c␤2 repeats fused to HIS3 sequences. Similar effects on homologous recombination are seen with the 100% identical LYS2 substrates and the 100% identical HIS3 substrates. (B) Screen for mutants defective in the regulation of homeologous recombination. Representative plates from retests of mutant candidates are shown. The unmutagenized parent (bottom square) and four purified isolates of each mutant candidate were patched (row of four squares) onto YEPD and then replica plated to SDGGE-His (left) and SCD-Lys (right). Prototrophic papillae represent recombinants. Whereas homeologous recombination (His ϩ ) is suppressed relative to homologous recombination (Lys ϩ ) in the parent strain, only candidate 3A496 exhibited a consistent elevation in homeologous recombination relative to homologous recombination and was later determined to contain a mutation in MSH6.
nation vs. the relative increase in homologous recombiof msh2 (e.g., a 35-fold increase in msh2 sgs1 vs. a 34-fold increase in msh2). Although loss of Msh2 caused a nation; this will be referred to throughout as the relative homeologous/homologous ratio. The relative homeolarger increase in the homeologous/homologous ratio than did loss of Mlh1 (Chen and Jinks-Robertson logous/homologous ratio increased 11-fold upon loss of Sgs1 (Table 4 ). The stimulation of recombination 1999; Nicholson et al. 2000) , the relationship of an MMR defect and Sgs1 loss was maintained; there was between homologous substrates in the sgs1 msh2 and sgs1 mlh1 strains (6.5-and 7.6-fold increases in the relaan 18-fold increase in the homeologous/homologous ratio in the mlh1 sgs1 double mutant vs. a 19-fold intive homologous recombination rate, respectively) was similar to that observed in the sgs1 single mutant (6.5-crease in the mlh1 single mutant. The similarity in the increase in the relative homeologous/homologous ratio fold increase). Homeologous recombination increased dramatically in the msh2 sgs1 double mutant (230-fold in the MMR-defective sgs1 double-mutant strains and the single MMR mutants suggests that the MMR defect relative to the wild-type strain), but the loss of Sgs1 conferred no additional increase in the relative homeolois epistatic to sgs1, although additivity cannot be statistically excluded. gous/homologous ratio above that conferred by the loss Relationship between SGS1 and MMR proteins in the RAD51-and RAD59-independent recombination path- ) in null sgs1⌬::kan mutants (sgs1⌬) containing a wild-type or mutant version of SGS1 integrated at the ADE2 locus were compared to that of the wild-type SGS1 parent. The mutant alleles of SGS1 (full-length 1447 amino acids) contain the helicasedefective allele (K706A) and/or terminal deletions of the indicated number of amino acids from the amino (N) or the carboxy (C) terminus (Mullen et al. 2000) . Confidence intervals of 95% are indicated within parentheses. The relative rate was calculated by dividing the mutant rate by the wild-type rate.
a Rate is from Spell and Jinks-Robertson (2003).
combination than does RAD51-independent recombition by Sgs1 was examined in rad51 and rad59 mutant backgrounds. Although homologous recombination nation, with the relative homeologous/homologous ratio thus decreasing in a rad59 mutant and increasing in increased in both recombination-defective backgrounds when Sgs1 was removed, homeologous recombination a rad51 mutant (Spell and Jinks-Robertson 2003) . In addition, the MMR system (specifically Msh2) plays a increased to a much greater extent than homologous recombination ( Table 5 ). The loss of Sgs1 caused a 53-larger role in regulating homeologous recombination in the RAD59-independent pathway than in the RAD51-fold increase in the homeologous/homologous ratio of the RAD59-independent pathway and a 12-fold increase independent pathway. Thus, elimination of Msh2 elevates the homeologous/homologous ratio 32-fold in a in the homeologous/homologous ratio of the RAD51-independent pathway. In each of the pathways, it should rad59 background, but only 2.5-fold in a rad51 background.
be noted that elimination of Sgs1 elevated homeologous recombination to a level that is statistically equivalent to To understand the importance of Sgs1 for regulating the fidelity of recombination in the different paththe level of homologous recombination. In the RAD59-independent pathway the effect of Sgs1 loss was slightly ways, the suppression of homeologous recombina- greater than that of Msh2 loss (53-vs. 32-fold, respectively), ginal effect on homeologous recombination (1.4-and 2.0-fold increases, respectively). These data suggest a suggesting some residual regulation of homeologous recombination in a msh2 mutant. In the RAD51-indepenvery minor role, if any, of Top1 in the suppression of homeologous recombination. dent pathway, however, elimination of Sgs1 increased the homeologous/homologous ratio to a much greater Genetic interactions between SGS1 and SRS2 suggest that both helicases act to prevent recombination (Ganextent than did elimination of Msh2 (12-vs. 2.5-fold, respectively). This is the reverse of the pattern observed gloff et al. 2000) . To determine whether Srs2, like Sgs1, acts to suppress homeologous recombination, we in a wild-type background, where the increase in the homeologous/homologous ratio was greater for the measured homeologous and homologous recombination in an srs2 mutant (Table 6 ). As expected, homolomsh2 mutant than for the sgs1 mutant.
Topoisomerase I and Srs2 helicase do not play a role gous recombination increased 11-fold when SRS2 was deleted. Unexpectedly, there was a much smaller (2-fold) in maintenance of recombination fidelity: To determine if the genetic interactions found between TOP1 and effect of Srs2 loss on homeologous recombination. Thus, the relative ratio of homeologous/homologous SGS1 reflect a role for Top1 in the regulation of recombination, we examined the phenotype of top1 strains recombination was reduced 5-fold in the srs2 mutant relative to a wild-type strain. In an srs2 background, loss of with respect to homologous and homeologous recombination (Table 6 ). Deletion of TOP1 had no significant Msh2 increased the relative homeologous/homologous ratio 79-fold, which is greater than the increase effect on homologous recombination and only a mar- observed upon loss of Msh2 in a wild-type strain (34-gous/homologous ratios higher than that in the sgs1 single mutant but indistinguishable from those in the fold). This suggests that much of the decrease in the homeologous/homologous ratio observed in an srs2 corresponding msh2 and mlh1 single mutants. In contrast to the epistasis observed in our studies, Myung et mutant derives from activity of the MMR system. al. (2001) previously reported a synergistic effect of Msh2 and Sgs1 loss on the homeologous/homologous DISCUSSION recombination rate ratio. The earlier study reported an unexpected decrease in the rate of homologous recomDuring double-strand break repair, a single strand from the broken chromosome invades an intact duplex bination in the msh2 sgs1 mutant, such that the homeologous recombination rate was actually higher than the to form heteroduplex DNA. The presence of mismatches in the heteroduplex recombination intermedihomologous rate. This decrease is surprising because both msh2 and sgs1 single mutants display an increase ates either initiates a repair process (gene conversion) or prevents the recombination event from going to comin homologous recombination levels. The unexpected decrease of homologous recombination resulted in an pletion (antirecombination). Although both outcomes are dependent on mismatch recognition by the MMR elevated homeologous/homologous ratio that was interpreted as a synergistic increase, leading to the suggesmachinery, the downstream steps that complete the processes are likely to be different. The helicase Sgs1, for tion of independent contributions by Msh2 and Sgs1 to the regulation of homeologous recombination. We have example, has been shown to suppress mitotic recombination between nonidentical (homeologous) sequences never seen the rate of homeologous recombination exceed that of homologous recombination in any mutant (Myung et al. 2001) , and yet mutations in this gene have no reported effect on the removal of DNA replication background and suggest that the anomalous homologous recombination rate in the msh2 sgs1 double mutant errors. In the experiments reported here, we have characterized the role of Sgs1 in regulating recombination may explain the discrepancy between the two studies. If one just considers the homeologous recombination not only in MMR-competent and MMR-defective cells, but also in recombination-defective cells lacking the rate data of Myung et al. (2001) , their results are consistent with an epistatic or additive effect of simultaneous Rad51 strand-exchange protein or the Rad59 strandannealing protein.
Msh2 and Sgs1 loss on homeologous recombination. Our data are consistent with a model in which MMR In an otherwise wild-type strain, the effect of Sgs1 loss on homeologous recombination was stronger than the and Sgs1 act in the same pathway to suppress homeologous recombination, and we suggest that the helicase effect on homologous recombination, resulting in an 11-fold increase in the homeologous/homologous ratio activity of Sgs1 acts downstream of the MMR system, perhaps to unwind heteroduplex recombination interrelative to that in a wild-type strain. A helicase-defective allele of Sgs1 produced a phenotype similar to that of mediates that contain recognized mismatches. Previous studies of the genetic requirements of the regulation a null allele, indicating that the helicase activity of Sgs1 is required not only for the general suppression of of homeologous recombination have demonstrated that both homeologous and homologous recombination are recombination (Mullen et al. 2000) , but also for the specific regulation of homeologous recombination. Howdependent on RAD52 and on either RAD51 or RAD59, suggesting that the recombination mechanism is the ever, the loss of the last 200 amino acids of Sgs1 (sgs1-⌬C200) caused an increase in homeologous recombinasame for homeologous recombination as for homologous recombination (Spell and Jinks-Robertson 2003) . tion but not in homologous recombination or MMS sensitivity, suggesting that this allele may represent a Although the mechanism is the same, it is possible that the recombination intermediates that form in the presseparation-of-function allele that distinguishes different potential roles of Sgs1 in replication and the regulation ence of Sgs1 are different from those that arise in its absence, with the latter being affected less by the potenof recombination vs. the specific regulation of homeologous recombination. Recent studies in yeast and hutial mismatches. It should be noted, however, that loss of either Msh2 or Mlh1 elevates the relative homeologous/ mans suggest that this domain may be important for interaction of Sgs1 or BLM with the MMR factor Mlh1 homologous ratio to a higher level than does loss of Sgs1 alone (Table 4 ), indicating that some of the MMR- (Langland et al. 2001; Pedrazzi et al. 2001; Gellon et al. 2002) . Alternatively, the less severe phenotype of dependent inhibition of homeologous recombination occurs independently of Sgs1. The residual inhibition the sgs1-⌬C200 allele could result from an intermediate level of function rather than from a disruption of a could involve unwinding by another helicase or could occur by a completely different mechanism. It has been specific function. Additional mutational analysis of SGS1 and MMR repair factors will be necessary to uncover demonstrated, for example, that the E. coli MutS and MutL proteins can block RecA-mediated strand exthe importance of the interaction of these proteins in the regulation of recombination.
change in vitro (Worth et al. 1994) . Regardless of whether the effect of Sgs1 on homeologous recombinaBoth msh2 and mlh1 appeared to be epistatic to sgs1, with the double mutants exhibiting relative homeolotion is direct or indirect, it clearly has an important role in promoting genome stability by preventing inapprocontain potential mismatches (Sugawara et al. 2004) . In contrast, Sgs1 can regulate homeologous recombinapriate recombination.
In the presence of the MMR machinery, the homeolotion in a partially Msh2-independent manner when recombination is compromised by loss of either Rad51 gous/homologous ratio increased in a rad51 mutant and decreased in a rad59 mutant (Spell and Jinks- or Rad59. Loss of Rad51 or Rad59 could lead to the formation of different recombination intermediates Robertson 2003 and Table 5 ). This suggests that RAD51-independent recombination has less stringent (see above) or may simply retard an otherwise normal recombination process. If, for example, heteroduplex and that RAD59-independent recombination has more stringent identity requirements than does recombina-DNA is shorter or forms more slowly in the absence of Rad51 or Rad59, mismatches might have a greater tion that occurs in the presence of both Rad51 and Rad59. Multiple mechanisms of recombination have destabilizing effect and could make the heteroduplex a better target for the helicase action of Sgs1. In a wildbeen proposed for inverted repeat assays such as the one used here (for a review, see Symington 2002) , and type strain, recombination might proceed at such a pace that the MMR machinery is required to efficiently target this could account for differences observed between wild-type, rad51, and rad59 strains. In a RAD backSgs1 to reversible recombination intermediates. Although the Srs2 helicase, like the Sgs1 helicase, ground, the predominant mechanism likely initiates with a Rad51-dependent strand invasion step, followed exerts a general suppressive effect on mitotic recombination in yeast, studies suggest that recombination-supby an annealing step that may involve Rad59. In a rad51 mutant, a canonical strand invasion reaction cannot pressing roles of these two helicases are functionally distinct. It has been proposed that Sgs1 may limit the take place, and "invasion" of a duplex would presumably occur by annealing between single strands. On the basis accumulation of recombination-initiating lesions/structures by promoting replication fork progression (Fabre of current recombination models, it seems likely that synthesis-dependent strand annealing and/or gene conet al. 2002) , while in vitro data suggest that Srs2 may suppress homologous recombination more directly by version predominate in a RAD strain, while a less efficient version of either or both might occur in the abdisassembling Rad51 nucleoprotein filaments (Krejci et al. 2003; Veaute et al. 2003) . In addition, both prosence of Rad59. In the absence of Rad51, recombination may involve break-induced replication coupled with sinteins are speculated to have additional roles in processing/resolving recombination intermediates (Fabre gle-strand annealing.
The rates of homologous and homeologous recombiet al. 2002; Ira et al. 2003) . The data presented here demonstrate that Sgs1 and Srs2 have opposing effects nation were equivalent in either the rad59 sgs1 or the rad51 sgs1 background, indicating the complete loss of on the regulation of homeologous recombination. Whereas the suppression of recombination between hothe suppression of recombination between substrates that are not identical. In these backgrounds, therefore, meologous sequences was reduced in sgs1 mutants, the suppression was enhanced in srs2 mutants. As expected, mismatches seem to exert no detectable negative effect on recombination. While the effects of Sgs1 or Msh2 a srs2 mutant had strong increases in homologous recombination, but had surprisingly weak increases in holoss on RAD59-independent homeologous recombination were similar, Msh2 had a much weaker suppressive meologous recombination, resulting in a fivefold decrease in the homeologous/homologous ratio relative to effect than did Sgs1 on RAD51-independent homeologous recombination, which is in contrast to the stronger that in a wild-type strain. There are several potential explanations for the difference in the increases in hoeffect of Msh2 in the RAD background. These data suggest that the strand invasion recombination intermedimologous vs. homeologous recombination in srs2 mutants. First, it is possible that recombination intermediates that form in the presence of Rad51 (i.e., in RAD or rad59 strains) are more susceptible to the recombinaates containing mismatches may require Srs2 to complete the recombination process. Alternatively, the type of tion-editing activity of MMR than are the presumptive strand-annealing intermediates that form in absence of recombination that is normally prevented by Srs2 action may be subsequently blocked by other factors that speRad51 (i.e. in rad51 strains). It is possible, for example, that the presence of the third strand in the invasion cifically suppress homeologous recombination, such as MMR proteins or Sgs1. In vitro experiments have impliintermediate favors MMR-initiated reversal of the heteroduplex DNA by Sgs1 helicase activity.
cated Srs2 specifically in the prevention of Rad51-dependent recombination, and as noted above, homology On the basis of the results presented here, we suggest that mismatch binding by a Msh2-containing complex requirements for recombination that occurs in the presence of Rad51 are more stringent than those that occur is necessary to suppress homeologous recombination when both Rad51 and Rad59 are present and that part in its absence (Spell and Jinks-Robertson 2003 and Table 5 ). In the absence of Srs2, RAD51-dependent reof the suppression is mediated through the helicase activity of Sgs1. Sgs1 seems to be similarly involved in combination presumably would be favored, resulting in more stringent homology requirements and, therefore, the MMR-dependent suppression of HO-initiated single-strand annealing when the interacting sequences the observed decrease in the homeologous/homolo-tion between diverged sequences in yeast. 
